Boson-Fermion mixture confined on an optical lattice is numerically studied. Mott-plateau like behavior is observed under certain conditions in the density profile of the bosons and fermions as one sees in bosonic atoms in a trap potential. In the Mott plateau area, the total number of the bosons and fermions at each site is kept to an integer value but both local density of the bosons and that of the fermions take some intermediate values. 
Introduction
Remarkable progress of laser technologies in the last few decades has realized various fundamentally-new quantum states of ultracold atoms confined in a certain space. The interatomic interactions play sometimes significant roles there. One of the drastic demonstrations of such roles can be found in Mott insulating phase of atoms on optical lattices. Mott insulating phase appears when the criteria, i.e. sufficiently strong interatomic interactions and commensurable ratio of atoms and lattice sites, are met. However, unlike those in a flat potential, which have been well investigated, atoms in a confinement potential exhibit quite different features. [1] [2] [3] Unconfined atoms interacting on a lattice could form Mott insulating state when their average number density per site coincides with an integer value. Confined atoms, on the other hand, distribute nonuniformly over the lattice in the presence of a trap potential, with the density profile whose peak is located in the deepest position of the potential. Therefore the commensurability criteria cannot be satisfied globally but only locally. Assume that atoms are put in an isotropic confinement potential plus periodic optical potential. The density of the atoms would be peaked at the center of the confinement potential and decreases as a function of the radius from the center. At some point of the radial direction, the density may reach an integer value, locally satisfying the criteria of the commensurability. Around this area, the atoms would form local Mott state with sufficiently large repulsive interactions. If we look at 1/8 the density profile in the radial direction in this case, there should be a local plateau, called Mott plateau, at and around the commensurate-density point. This produces a shell structure of the Mott phase of the confined atoms.
The studies on the atomic Mott phases have been conducted mostly for bosonic atoms, particularly because of the relative ease of the experiments. However, the current technology even realizes mixture systems of bosons and fermions in a continuum space 4-7 and on a lattice, 8 and so we may expect Mott states to form in the mixture systems as well under certain conditions. Actually the possibility of untrapped boson-fermion mixture to undergo Mott transition was pointed out in numerical calculations, 9 which indicated that the Mott transition occurred with sufficiently large boson-boson interactions although the bosons and fermions were mixed or demixed depending on the strength of boson-fermion interactions. It is hence natural to consider that the shell structure of the Mott phase should be observed in the confined boson-fermion mixtures, and this is the main objective of the present study.
To accomplish this goal, we performed quantum Monte Carlo simulations of bosons and fermions on a lattice in a harmonic confinement potential. By tuning interactions, particle number, potential curvature, we realized Mott plateau in the boson-fermion mixture, where the total local density of the bosons and fermions was fixed to an integer value, but either local density of the bosons or that of the fermions was below the integer value. To study the local property of the mixture system, we also observed local density fluctuations.
The paper is organized as follows. Section 2 is devoted to the introduction of the model that we used in the simulation. Brief explanation on the local compressibility is also given in the section. In Section 3 we show our numerical result and Section 4 is devoted to the discussion on the Mott plateau. Summary and discussions are given in Section 5.
Model
We performed world-line quantum Monte Carlo simulation of confined bosons and fermions on an optical lattice. [10] [11] [12] For simplicity the particles were placed on a one-dimensional lattice of L sites. The Hamiltonian that we employed for the simulation was 
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Here κ bi is the fluctuation of the density of the bosons at the site i, κ f i is that of the fermions, respectively, and the hopping energies of the bosons and fermions were set to t b = t f = 1 as energy unit.
Simulation result
We have many controllable parameters in the present system such as the interactions, particle number, and potential shape. We thus can obtain numerous results by changing the parameter set, although we here focus on typical cases where only the total local density, namely the sum of the boson density and fermion density, exhibits Mott plateau, and the boson density or fermion density does not have the plateau. We fixed the interaction parameters to U bb = U bf = 8, with which the bosons and fermions were expected to be mixed if not confined, according to the previous calculation. 9 Figure 1 shows the density profiles of the bosons and fermions, n b (x), n f (x), and n b (x) + n f (x). x = 40 is the center of the trap potential. The solid line, presenting the total density n b + n f , has Mott plateau where the density is fixed to 1. The Mott-like feature is also demonstrated by the local compressibility κ bf , which almost diminishes in the Mott plateau area. As pointed out in the above, the local compressibility does not go to zero strictly but clearly shows local incompressible areas. As we go out from the Mott plateau area, the total density per site no longer takes the integer value and at the same time the compressibility is enhanced, indicating the existence of the superfluidity of the bosons and the metallic state of the fermions. that the bosons and fermions are not "rigid".
Summary and discussion
We performed Monte Carlo simulations of the boson-fermion mixture systems on a periodic optical lattice placed in a harmonic potential. The density profile exhibited the coexistence of local Mott state and superfluid (fermi liquid) with appropriate set of parameters. In the local Mott state, the total density of the bosons and fermions took an integer value, while the density of individual species did not.
To get a more simple view on this local Mott state, let us consider an extreme case. Suppose that we have a hardcore boson system with the number of the bosons being less than the number of the lattice sites. This system exhibits superfluidity. Next we place spinless fermion in each vacant site and prohibit the bosons and fermions to come to the same site. Namely every site is occupied by a single boson or single fermion and there is no empty or doubly-occupied site. The bosons and fermions locating next to each other are however allowed to exchange their positions with the transfer energy t. The bosons and fermions can thus move around keeping the number of particle at each site to 1. This does not straightforwardly mean that the bosons condensate at a low temperature. To have a long-range order of the phase of single boson field operator, the number of the bosons has to fluctuate, which is not allowed because of 6/8
